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The dierential ross setion for the proess γγ → ηpi0 has been measured in the kinemati
range 0.84 GeV < W < 4.0 GeV, | cos θ∗| < 0.8, where W and θ∗ are the energy and pi0 (or
η) sattering angle, respetively, in the γγ enter-of-mass system. The results are based on a
223 fb
−1
data sample olleted with the Belle detetor at the KEKB e+e− ollider. Clear peaks
due to the a0(980) and a2(1320) are visible. The dierential ross setions are tted in the energy
region 0.9 GeV < W < 1.46 GeV to obtain the parameters of the a0(980). Its mass, width and
ΓγγB(ηpi
0) are measured to be 982.3 +0.6−0.7
+3.1
−4.7 MeV/c
2
, 75.6 ± 1.6 +17.4−10.0 MeV and 128
+3
−2
+502
−43 eV,
respetively. The energy and angular dependenes above 3.1 GeV are ompared with those measured
in the pi0pi0 hannel. The integrated ross setion over | cos θ∗| < 0.8 has a W−n dependene
with n = 10.5 ± 1.2 ± 0.5, whih is slightly larger than that for pi0pi0. The dierential ross
setions show a sin−4 θ∗ dependene similar to γγ → pi0pi0. The measured ross setion ratio,
σ(ηpi0)/σ(pi0pi0) = 0.48 ± 0.05± 0.04, is onsistent with a QCD-based predition.
PACS numbers: 13.60.Le, 13.66.B, 14.40.Cs,14.40.Gx
I. INTRODUCTION
Measurements of exlusive hadroni nal states in two-photon ollisions provide valuable
information onerning physis of light and heavy-quark resonanes, perturbative and non-
perturbative QCD and hadron-prodution mehanisms. So far, we have measured the pro-
dution ross setions for harged-pion pairs [1, 2, 3℄, harged and neutral-kaon pairs [3, 4, 5℄,
and proton-antiproton pairs [6℄. We have also analyzed D-meson-pair prodution and ob-
serve a new harmonium state identied as the χc2(2P ) [7℄. In addition, we have measured
the pi0pi0 nal state [8, 9℄. The statistis of these measurements is two to three orders of
magnitude higher than pre-B-fatory measurements [10℄, opening a new era in studies of
two-photon physis.
In this paper, we report measurements of the dierential ross setions, dσ/d| cos θ∗|, for
the proess γγ → ηpi0 in a wide two-photon enter-of-mass (.m.) energy (W ) range from
0.84 GeV to 4.0 GeV and in the .m. angular range, | cos θ∗| ≤ 0.8. We use only the η → γγ
and pi0 → γγ deay modes in this analysis. The deay mode η → pi+pi−pi0 is not used
beause of a muh lower produt of eieny and branhing fration.
Previously, it was reported that this reation is dominated by resonane prodution [11℄.
We an restrit the IGJPC quantum numbers of the meson produed by two photons to
be 1−(even)++, that is, those of aJ=even mesons. A long-standing puzzle in QCD is the
existene and struture of low mass salar mesons. In the I = 0 setor, we reently observed
a peak for the f0(980) in both the γγ → pi+pi− and γγ → pi0pi0 hannels [1, 8℄. The two-
photon width of the f0(980) is measured to be 200− 300 eV, supporting its q2q¯2 nature [12℄.
Our analysis also suggests the existene of another f0 meson in the 1.2-1.5 GeV region that
ouples with two photons [8℄. In the I = 1 setor, the a0(980) and a2(1320) have been
observed previously with a rather low statistial signiane [11, 13℄. The parameters for
the a0(980), in partiular its two-photon width are of great interest beause of its onnetion
3to the nature of low mass salar mesons. Moreover, other salar or tensor aJ mesons an be
searhed for in the higher mass region above the prominent peak from the a2(1320).
If there were an I = 1 hidden-harm (that is, harmonium-like) meson, it ould be a very
strong andidate for an exoti state, beause harmonia have I = 0 and isospin is onserved
in their hadroni deays. However, reently, some new partiles that are not pure I = 0,
suh as the X(3872) [14℄ and Z(4430) [15℄, have been reported.
At higher energies (W > 2.4 GeV), we an invoke a quark model. In leading-order alula-
tions, the ratio of the ηpi0 ross setion to that of pi0pi0 is predited within unertainties due
to the dierent form fators for the pi0 and η. Analyses of energy and angular distributions
of these ross setions are essential to determine properties of the observed resonanes and
to test the validity of QCD based models [16, 17℄.
This paper is organized as follows. In Se. II, the experimental apparatus used and the
event seletion are desribed. Setion III explains bakground subtration and derivation
of the dierential ross setions. In Se. IV the resonane parameters of the a0(980) are
derived by parameterizing partial wave amplitudes with resonanes and smooth non-resonant
bakground amplitudes and tting dierential ross setions. Setion V desribes analyses
at higher energy. The topis inluded there are the angular dependene of dierential ross
setions, the W dependene of the total ross setion, and the ratio of ross setions for ηpi0
to pi0pi0 prodution. Finally, Setion VI summarizes the results and presents the onlusion
of this paper.
II. EXPERIMENTAL APPARATUS AND EVENT SELECTION
Events onsisting only of neutral nal states are extrated from the data olleted in
the Belle experiment. In this setion, the Belle detetor and event seletion proedure are
desribed.
A. Experimental apparatus
A omprehensive desription of the Belle detetor is given elsewhere [18℄. We mention here
only those detetor omponents that are essential for the present measurement. Charged
traks are reonstruted from hit information in the silion vertex detetor and the entral
drift hamber (CDC) loated in a uniform 1.5 T solenoidal magneti eld. The detetor
solenoid is oriented along the z axis, whih points in the diretion opposite to that of the
positron beam. Photon detetion and energy measurements are performed with a CsI(Tl)
eletromagneti alorimeter (ECL).
For this all-neutral nal state, we require that there be no reonstruted traks oming
from the viinity of the nominal ollision point. Therefore, the CDC is used for vetoing
events with harged trak(s). The photons from deays of the neutral pion and the η meson
are deteted and their momentum vetors are measured by the ECL. The ECL is also used to
trigger signal events. Two kinds of the ECL trigger are used to selet events of interest: the
ECL total energy deposit in the triggerable aeptane region (see the next subsetion) is
greater than 1.15 GeV (the HiE trigger), or the number of ECL lusters ounted aording
to the energy threshold at 110 MeV for segments of the ECL is four or larger (the Clst4
trigger). The above energy thresholds are determined by studying the orrelations between
the two triggers in the experimental data. No software ltering is applied for triggering
events by either or both of the two ECL triggers.
4TABLE I: Data sample: luminosities and energies
e+e− .m. energy Luminosity Runs
(GeV) (fb
−1
)
10.58 179 Υ(4S)
10.52 19 ontinuum
10.36 2.9 Υ(3S)
10.30 0.3 ontinuum
10.86 21.7 Υ(5S)
Total 223
B. Experimental data and data ltering
We use a 223 fb
−1
data sample from the Belle experiment at the KEKB asymmetri-energy
e+e− ollider [19℄. The data were reorded at several e+e− .m. energies summarized
in Table I. The dierene of the luminosity funtions (two-photon ux per e+e−-beam
luminosity) in the measured W regions due to the dierene of the beam energies is small
(maximum ± 4%). We ombine the results from the dierent beam energies. The eet on
the ross setion is less than 0.5%.
The analysis is arried out in the zero-tag mode, where neither the reoil eletron nor
positron are deteted. We restrit the virtuality of the inident photons to be small by
imposing a strit requirement on the transverse-momentum balane with respet to the
beam axis for the nal-state hadroni system.
The ltered data sample (Neutral Skim) used for this analysis is the same as the one
used for pi0pi0 studies [8, 9℄. The important riteria in this ltering are: no good traks; two
or more photons or one or more neutral pions that satisfy a speied energy or transverse-
momentum riterion. Performane of the ECL triggers is studied in detail using the pi0pi0
events [8℄.
C. Event seletion
From the Neutral Skim event sample, we selet γγ → ηpi0 with the following onditions:
(1) the total energy deposit in ECL is smaller than 5.7 GeV;
(2) there are exatly four photons in the ECL eah having energy larger than 100 MeV;
(3) the ECL energy sum within the triggerable region is larger than 1.25 GeV, or, all the
four photons are within the triggerable region, i.e. in the polar-angle range, −0.6255 <
cos θ < +0.9563, in the laboratory frame;
(4) a ombination of two photons is reonstruted as a neutral pion that satises the
following onditions on invariant mass, |M(γγ) − 0.1350 GeV/c2| < 0.0200 GeV/c2,
transverse momentum pt(pi
0) > 0.15 GeV/c and goodness of the mass-onstrained t
χ2 < 9;
(5) the ombination of the remaining two photons has an invariant mass onsistent with
η → γγ, 0.51 GeV/c2 < M(γγ) < 0.57 GeV/c2. There are three ombinations of
photon pairs that an be onstruted from the four photons, and all the ombinations
are tried and any of them satisfying the above riteria are retained. We sale the
energy of the two photons in (5) with a fator that is the ratio of the nominal η mass
to the reonstruted mass. This is equivalent to an approximate 1-C mass onstraint
t where the relative energy resolution (∆E/E) is independent of E and the resolution
in the angle measurement is muh better than that of the energy. The present ase
5| cos q*|
| cos q*|W (G
eV)
W (G
eV)
Nu
m
be
r o
f e
ve
nt
s
FIG. 1: Two-dimensional W and | cos θ∗| distribution of the ηpi0 andidates in data. The same
distribution is viewed from two dierent diretions.
is lose to this. After saling the η's four-momentum, we alulate the invariant mass
(W ) and the transverse momentum (|Σp∗t |) in the e+e− .m. frame for the ηpi0 system.
(6) The transverse momentum is is required to be less than 0.05 GeV/c.
We dene the .m. sattering angle, θ∗, as the sattering angle of the pi0 (or equivalently,
of the η ) in the γγ .m. frame, for eah event. We use an approximation that the e+e−
axis is the referene for this polar angle as (sine we do not know the exat γγ axis in the
zero-tag ondition).
Signal and bakground events for e+e− → e+e−ηpi0 are generated using the TREPS
ode [20℄. All Monte Carlo (MC) events are put through the trigger and detetor simulators
and the event seletion program. We nd that up to 2% of events in the region below
W < 1.05 GeV have two entries per event beause of the multiple ombinations satisfying
riteria (4), (5) and (6). The two entries per event have similar W and |Σp∗t |, but dierent
| cos θ∗| values. The fration with double entries is small and is in priniple ompensated
by the normalization using the eieny determined by the MC sample. We nd a similar
fration of multiple entries in the signal-MC data.
A total of 2.82 × 105 events are seleted from 3.53 × 108 events of the Neutral Skim
sample. The lego plots of two-dimensional distributions of the seleted events (after requiring
|Σp∗t | < 50 MeV/c) are shown in Fig. 1. The projeted W distribution integrated over
| cos θ∗| < 0.8 is shown in Fig. 2. We nd at least three resonant strutures: near 0.98 GeV
(a0(980)), 1.32 GeV (a2(1320)) and 1.7 GeV (probably the a2(1700)).
III. DERIVING DIFFERENTIAL CROSS SECTIONS
In this setion, we present the proedure to derive dierential ross setions. First, the
nature and origin of bakgrounds and the method for their subtration are desribed. Un-
folding is then applied, eienies are determined, dierential ross setions are derived and
their systemati errors are estimated.
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FIG. 2: W distribution for ηpi0 andidate events integrated over | cos θ∗| < 0.8. The solid urve is
the pt-unbalaned bakground that are experimentally determined. The dashed urve inludes an
additional ontribution from the η′ → ηpi0pi0 bakground.
A. Bakground subtration
In the entire energy range the bakground is primarily from photons originated from spent
eletrons as identied by unbalaned pt. At low energy there is additional bakground from
the η′ deaying into ηpi0pi0.
1. Bakground from η′ → ηpi0pi0
A satter plot of pt balane vs. invariant mass for the andidate events, Fig. 3(a), shows
a onentration of events in the pt-unbalaned region in the viinity of 0.82 GeV. This
energy is lose to the mass dierene between the η′ and pi0, and this struture is due to
the bakground from η′ → ηpi0pi0 where two photons from one pi0 are undeteted. Sine
the bakground is larger than the signal in the η′ mass region, we annot measure the ross
setion belowW < 0.84 GeV. Kinematially, for η′ deays the invariant mass of the deteted
ηpi0 system annot be greater than 0.823 GeV/c2. However, there is a rather long tail on
the higher side up to W ∼ 0.88 GeV. This bakground is due to a fake pion reonstruted
from a photon with another photon from a pi0 or a noise luster. Figure 3(b) shows that η
mesons are relatively leanly reonstruted.
We subtrat the bakground from primary η′s in two-photon ollisions using MC. The
normalization of the η′ → ηpi0pi0 bakground is determined using the experimental data in
the ontrol region, 0.80 GeV < W < 0.84 GeV integrated over all angles and the transverse-
momentum range, |Σp∗t | < 0.15 GeV/c (Fig. 4(a)). We assume that the signal yield is
negligibly small in this W range. The pt distribution is deomposed into the η
′
bakground
peaking near 0.05 GeV/c and the other pt-unbalaned omponent by performing a t, where
we use the signal and bakground funtional shapes desribed in the next subsetion for the
η′ and the latter bakground, respetively. The shape parameters of the η′ omponent are
xed to those obtained from the t to the orresponding MC data.
From the produt of the two-photon deay width and the branhing fration of the η′,
7W (GeV) M(gg) (GeV)
(b)(a)
|S
 p
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FIG. 3: (a)Two-dimensional (W , |
P
p
∗
t |) distribution of the ηpi
0
andidate events in the relatively
low-W region. (b)Two-dimensional distribution of the invariant mass of the two deteted photons
near the η mass and the pt-balane of events alulated from the mass of four photons (before
applying the mass onstraints) for events with M(ηpi0) < 1.0 GeV/c2.
Γγγ(η
′)B(η′ → ηpi0pi0), we an estimate the absolute size of the bakground yield from this
soure. The ratio of the observed bakground to the MC expetation is 0.91± 0.02(stat.)±
0.09(syst.)± 0.06(ΓγγB), where the rst two errors are experimental, and the last error is
from the unertainty of the known η′ properties. This fator is onsistent with unity.
Using the normalization thus determined and the MC events, the bakground yields from
this soure in eah angular bin in the range 0.84 GeV < W < 0.90 GeV are determined.
This bakground omponent is inorporated in the t desribed in the next subsetion with
the yield and shape xed. We neglet the η′ bakground in the W region above 0.90 GeV.
2. Subtration of bakgrounds
In the W region below 2.0 GeV, the pt-unbalaned omponent is non-negligible and is
subtrated by tting the pt distributions. The tting funtion is a sum of the signal and
bakground omponents. The η′ bakground estimated in the previous subsetion is inor-
porated in the t with a xed shape and size for W < 0.90 GeV (Figs. 4(b-d)).
The signal omponent follows an empirial parameterization from signal MC:
y =
Ax
x2.1 +B + Cx
, (1)
(x is |∑p∗t |, A, B and C are tting parameters), where the distribution has a linear shape
near x = 0 and dereases as ∼ x−1.1 at large x. Here B is an important parameter that
determines the peak position; the peak is at x = B
1
2.1 /1.1. The bakground is parameterized
by a linear funtion vanishing at x = 0 in x < 50 MeV/c and a seond-order polynomial for
x > 50 MeV/c onneted smoothly (up to the rst derivative) at x = 50 MeV/c. Fits are
applied for |Σp∗t | < 200 MeV/c in eah bin of W < 2.0 GeV and | cos θ∗| < 0.8 with the bin
widths of 0.04 GeV and 0.1 for the two diretions, respetively.
The bakground yields found from the ts are tted to a smooth two-dimensional funtion
of (W , | cos θ∗|), in order to minimize the statistial utuations from the MC simulation.
In Fig. 2, the urves orresponding to the bakground thus determined are shown, as well
as the xed bakground from η′ deays.
The bakgrounds are subtrated from the experimental yield distribution. The η′ bak-
ground estimated in the previous subsetion is also subtrated at W < 0.90 GeV. The error
8|Spt| (GeV/c)
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m
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FIG. 4: (a): The pt distribution of the ηpi
0
andidates at W = 0.80-0.84 GeV integrated over
| cos θ∗| < 0.8. The peak near 0.05 GeV/c is attributed to the bakground from η′ → ηpi0pi0 and
the normalization is determined by a t to MC events of this proess. The dashed urve shows
the experimentally determined bakground from the pt-unbalaned bakground omponent and the
solid urve is the sum of the two bakground omponents. (b), () and (d): The pt distribution of
the ηpi0 andidate events in the shown kinematial regions. Estimated bakground yields of the two
omponents are shown by the urves (explained in the aption for (a)). The exess over the solid
urve near |
P
p
∗
t | = 0 orresponds to the signal proess.
arising from this bakground subtration is taken into aount as a systemati error (see the
subsetion E).
To onrm the validity of the bakground subtration method, we examine the W depen-
dene of the yield ratio R dened as:
R =
Y (0.15 GeV/c < |∑p∗t | < 0.20 GeV/c)
Y (|∑p∗t | < 0.05 GeV/c) , (2)
where Y is the yield in the speied region. We observe that strutures have similar features
as those seen in the estimated pt-unbalaned bakground (Fig. 5). There is a peaking
struture in the bakground around W = 1.5 GeV, and a small enhanement just above
2.0 GeV. No signiant strutures are seen from 2.5 GeV up to ∼ 3.3 GeV.
We observe a signiant inrease of R above 3.3 GeV. Suh an inrease is not reprodued
by the MC simulation, where only a slow inrease of R (R = 0.15 at 2.0 GeV and R = 0.25 at
4.0 GeV) is expeted. The exess of R, ∆R, is the ontribution from multibody bakground
proesses. We apply a bakground subtration with the bakground ontamination level
estimated to be∆R/6. This fator is obtained by assuming a quasi-linear |∑p∗t | dependene
of the bakground and extrating its leakage into the signal region (|∑p∗t | < 0.05 GeV/c),
whih is approximately 1/6 of the yield in the 0.15 GeV/c < |∑p∗t | < 0.20 GeV/c region.
We take a half of the orretion (i.e. ∆R/12) as the systemati error from this soure if this
9W (GeV)
R
FIG. 5: Energy dependene of the ratio of the yield in the pt-unbalaned region to that in the
balaned region (see text for the exat denition), whih indiates the level of bakground ontam-
ination.
systemati is larger than the 3% unertainty nominally applied for the whole region above
2.0 GeV (see the setion on systemati errors). The atual sizes of the orretion used (i.e.
∆R/6) inW bins are 3.8% (3.35 GeV), 8.5% (3.65 GeV), and 13.0% (3.95 GeV), respetively.
These orretions are muh smaller than the statistial errors in these W bins.
We nd that the bakground in the η mass sideband is negligibly small after the subtra-
tion of these bakgrounds; there are no pt-balaned bakgrounds in the η mass sideband of
the pt-balane distribution shown in Fig. 3(b). Therefore, we do not perform bakground
subtration for the non-η omponent.
B. Unfolding the W distributions
We unfold the experimental yields in theW distributions to orret for the nite invariant-
mass resolution in the measurement. The smearing funtion is an asymmetri Gaussian
funtion, whih is determined by the signal MC with a further empirial orretion. The
standard deviations of the funtion are assumed to follow 1.3 × (1.4 − 0.3/W 2)% (W is in
GeV, and the resolution varies by 1.3%-1.8% depending on W ) on the lower side of the peak
and 0.77 × (1.4 − 0.3/W 2)% (varies by 0.8%-1.1%) on the higher side. The resolution is
slightly better than that in the pi0pi0 ase in the low W region, beause of the large opening
angle of the two photons from η deay.
The unfolding proedure is applied for 0.9 GeV < W < 1.6 GeV with a bin width of
0.02 GeV, and for 1.6 GeV < W < 2.4 GeV with a bin width of 0.04 GeV. The unfolding is
done independently in eah angular bin, whose width is ∆| cos θ∗| = 0.05 for W < 1.6 GeV
and ∆| cos θ∗| = 0.1 for W > 1.6 GeV. Figure 6 shows the yield distributions before and
after the unfolding in the smallest | cos θ∗| bins. At higher energies, no unfolding is applied
sine the experimental yield is still insuient.
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FIG. 6: The yield distributions before (triangles) and after (diamonds) the unfolding in the smallest
| cos θ∗| bins, (a) | cos θ∗| < 0.05 and (b) | cos θ∗| < 0.1.
C. Determination of the eieny
The signal MC events for e+e− → e+e−ηpi0 are generated using the TREPS ode [20℄ for
the eieny alulation at 36 xedW points between 0.75 and 4.2 GeV and isotropially in
| cos θ∗|. The angular distribution at the generator level does not play a role in the eieny
determination, beause we alulate the eienies separately in eah | cos θ∗| bin with a
width of 0.05. The Q2max parameter that gives a maximum virtuality of the inident photons
is set to 1.0 GeV
2
, and the form fator for the ross setions for the virtual photon ollisions,
σγγ(0, Q
2) = σγγ(0, 0)/(1 +Q
2/W 2)2 is used. This form fator does not play any essential
role in the present analysis, sine our stringent pt-balane ut (|
∑
p
∗
t | < 0.05 GeV/c)
requires Q2/W 2 for the seleted events to be muh smaller than 1. A sample of 400,000
events is generated at eahW point and is subjeted to the detetor and trigger simulations.
The obtained eienies are tted to a two-dimensional funtion of (W , | cos θ∗|) with an
empirial funtional form.
We embed bakground hit patterns from random trigger data into MC events. We nd
that dierent samples of bakground hits give small variations in the seletion eieny
determination. A W -dependent error in the eieny, 2-4%, arises from the unertainty in
this eet. Figure 7 shows the two-dimensional dependene of the eieny on (W , | cos θ∗|)
after the t for smoothing.
D. Derivation of dierential ross setions
The dierential ross setion for eah (W , | cos θ∗|) point is given by:
dσ
d| cos θ∗| =
∆Y −∆B
∆W∆| cos θ∗| ∫ LdtLγγ(W )η , (3)
where ∆Y and ∆B are the signal yield and the estimated pt-unbalaned bakground in the
bin, ∆W and ∆| cos θ∗| are the bin widths, ∫ Ldt and Lγγ(W ) are the integrated luminosity
and two-photon luminosity funtion alulated by TREPS [20℄, respetively, and η is the
eieny inluding the orretion desribed in the previous setion. The bin sizes for W
and ∆| cos θ∗| are summarized in Table II.
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FIG. 7: Two-dimensional dependene of the eieny on (W , | cos θ∗|).
TABLE II: Bin sizes
W range ∆W ∆| cos θ∗|
(GeV) (GeV)
0.84  1.6 0.02 0.05
1.6  2.4 0.04 0.10
2.4  4.0 0.10 0.10
Figure 8 shows the angular dependene of the dierential ross setions for some seleted
W regions. Figures 9 show the ross setion integrated over | cos θ∗| < 0.8 on logarithmi
and linear sales for partial W regions. The data points are in good agreement with those
of Crystal Ball [11℄.
E. Systemati errors
Various soures of systemati unertainties assigned for the ηpi0 signal yield, eieny
and the ross setion evaluation are desribed in detail below and summarized in Table III.
Trigger eieny: The systemati error due to the Clst4 trigger (the mnemonis of the
ECL triggers were desribed in Se. II.A) is taken to be 2/3 of the dierene in the eienies
when the thresholds for the Clst4 trigger are varied from 110 MeV to 100 MeV in the trigger
simulator, and no error is assigned forW > 2.5 GeV where the HiE trigger plays a dominant
role. In addition, we take the unertainty in the eieny of the HiE trigger to be 4% in the
whole W region. The systemati errors from the two triggers are ombined in quadrature.
The former omponent is approximated by an angular-independent funtion of the .m.
energy, 27%× 0.510(W−0.85 [GeV]). This exeeds 5% for W < 1.2 GeV.
The reonstrution eieny: we assign 6% for the reonstrution of a pi0 and an η.
pt-balane ut: 3% is assigned. The pt-balane distribution for the signal is well reprodued
by MC so that the eieny is orret to within this error.
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FIG. 8: Angular dependene of the dierential ross setions for eight seleted W bins indiated.
The bin sizes are summarized in Table II.
Bakground subtration: 20% of the size of the subtrated omponent is assigned to this
soure for the range 0.9 GeV < W < 2.0 GeV. In the W region where the bakground
subtration is not applied (W > 2.0 GeV), we assign a systemati error of 3%, whih
is a onservative upper limit on the bakground ontamination from an investigation of
the experimental distributions. Above 3.5 GeV, the error originating from the bakground
subtration (∆R/12) is larger than 3%, and we replae the error by the latter value. In
the region 0.84 GeV < W < 0.90 GeV where the η′ bakground is subtrated, the assigned
error is a quadrati sum of 7% of the subtrated η′ bakground and 20% of the subtrated
pt-unbalaned bakground.
Luminosity funtion: We assign 4% (5%) for W < (>) 3.0 GeV.
Beam bakground eet for event seletion: We assign a 2% - 6% error depending on
W for unertainties of the ineieny in event seletion due to beam-bakground photons.
The unertainty is estimated from the variation of eienies among dierent experimental
periods or bakground onditions. We adopt the averaged eieny from the dierent
bakground les, and the unertainty in the average is assigned as the error.
Unfolding: Unertainties from the unfolding proedure, using the single value deompo-
sition approah in Ref. [22℄, are estimated by varying the eetive-rank parameter of the
deomposition within reasonable bounds.
Other eieny errors: An error of 4% is assigned for unertainties in the eieny
determination based on MC inluding the smoothing proedure.
The total systemati error is obtained by adding all the soures in quadrature and is 10-
12% for the intermediate and high W regions. It beomes muh larger for W < 1.06 GeV.
IV. STUDY OF RESONANCES
In this setion, we extrat the resonane parameters of the a0(980) and a possible reso-
nane a0(1450), as well as hek the onsisteny of the a2(1320) parameters. We also study
whether or not the a2(1700) is produed in this reation.
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FIG. 9: The ross setion integrated over | cos θ∗| < 0.8 on a logarithmi (a) and linear (b) sale
ompared with the Crystal Ball measurement (| cos θ∗| < 0.9) [11℄. The orretions for dierent
| cos θ∗| overage are not made. The dashed urve shows the size of the systemati error.
TABLE III: Systemati errors for the dierential ross setions. Ranges of errors are shown when
they depend on W .
Soure Error (%)
Trigger eieny 4  30
η and pi0 reonstrution eieny 6
pt-balane ut 3
Bakground subtration 3  35
Luminosity funtion 4  5
Overlapping hits from beam bakground 2  6
Unfolding proedure 0  4
Other eieny errors 4
Overall 10  12 (for W > 1.06 GeV)
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FIG. 10: Resulting spetra of Sˆ2, Dˆ20 and Dˆ
2
2 . The error bars shown are diagonal statistial errors.
A. Formalism
The formalism is exatly the same as that for pipi [1, 2, 8, 9℄ and the analysis is quite
similar. In the energy region W ≤ 2.0 GeV, J > 2 partial waves (the next is J = 4) may
be negleted so that only S and D waves are to be onsidered. The dierential ross setion
an be expressed as:
dσ
dΩ
(γγ → ηpi0) =
∣∣S Y 00 +D0 Y 02 ∣∣2 + ∣∣D2 Y 22 ∣∣2 , (4)
where S represents the S wave, D0 (D2) denotes the heliity 0 (2) omponents of the D wave,
respetively, and Y mJ are the spherial harmonis. Sine the |Y mJ |'s are not independent
of eah other, partial waves annot be separated using measurements of dierential ross
setions alone. To overome this problem, we write Eq. (4) as:
dσ
4pid| cos θ∗| (γγ → ηpi
0) = Sˆ2 |Y 00 |2 + Dˆ20 |Y 02 |2 + Dˆ22 |Y 22 |2 . (5)
The amplitudes Sˆ2, Dˆ20 and Dˆ
2
2 orrespond to the ases where interferene terms are ne-
gleted; they an be expressed in terms of S, D0 and D2 as follows [8℄:
Sˆ2 = |S|2 +
√
5Re(S∗D0) ,
Dˆ20 = |D0|2 +
1√
5
Re(S∗D0) ,
Dˆ22 = |D2|2 −
6√
5
Re(S∗D0) . (6)
Sine squares of spherial harmonis are independent of eah other, we an t the dierential
ross setion at eah W to obtain Sˆ2, Dˆ20 , and Dˆ
2
2. The unfolded dierential ross setions
are tted by taking into aount statistial errors only, whih will not be independent at
eah W beause of the unfolding proedure. However, we treat them as independent in the
t. The resulting Sˆ2, Dˆ20 and Dˆ
2
2 spetra for W < 2 GeV are shown in Figs. 10.
B. Fitting partial wave amplitudes
Although the derived amplitudes Sˆ2, Dˆ20 and Dˆ
2
2 are funtions of partial waves (Eq. (6)),
they do give some indiation of their behavior. Notably, the D0 wave appears to be small
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and the D2 wave is dominated by the a2(1320) with a hint of the a2(1700). The peak in
Sˆ2 around W = 0.98 GeV (Fig. 10) is learly due to the a0(980) resonane and a shoulder
above the a0(980) peak may be due to the a0(1450).
In this setion, we derive information about resonanes by parameterizing partial wave
amplitudes and tting dierential ross setions. Note that we do not t the obtained Sˆ2,
Dˆ20 and Dˆ
2
2 spetra but t the dierential ross setions diretly. One the funtional forms
of amplitudes are assumed, we an use Eq. (4) to t dierential ross setions. We an then
neglet the orrelations between Sˆ2, Dˆ20 and Dˆ
2
2. The Sˆ
2
, Dˆ20 and Dˆ
2
2 spetra are used to
make an initial determination of whih resonanes are important and to hek t quality.
The energy range of this measurement an be naturally divided into a low energy region
(W ≤ 1.5 GeV), where the a0(980) and a2(1320) are important, and a higher energy region
(W > 1.5 GeV), where the parameters of the a2(1700) will be of interest. In both regions,
we neglet J > 2 waves.
First we extrat parameters of the a2(1700) in the high energy range. A hint of the
a2(1700) is visible in Fig. 9. Various ts have been performed: a t in the energy region
1.5 GeV < W < 2.0 GeV with the parameters of the a2(1700) all oated or the mass and
width xed to the PDG values; a t in the energy region 0.9 GeV < W < 2.0 GeV by xing
the lower energy parameters to the ones determined below and either oating or partially
xing the parameters of the a2(1700). The resulting parameters of the a2(1700) vary muh.
In addition, the t quality is poor. Thus, we annot report a denite onlusion on the
a2(1700).
In the low energy region, W < 1.5 GeV, we an safely neglet J > 2 waves. The Dˆ20
ontribution is small while Dˆ22 is seen to be dominated by the a2(1320) resonane. We
assume that the a2(1320) ontributes to the D2 wave only, sine Dˆ
2
0 is small. The shoulder
in the Sˆ2 spetrum above the a0(980) peak may be due to the a0(1450). However, in this
t we introdue a new resonane a0(Y ) instead, sine its parameters are found to be quite
dierent from those of the a0(1450). The goal of analysis is to obtain parameters of the
a0(980), a0(Y ) and to hek the onsisteny of the a2(1320) parameters that have been
measured well in the past.
1. Parameterization of amplitudes
We parameterize S, D0 and D2 waves as follows.
S = Aa0(980)e
iφs0 +Aa0(Y )e
iφs1 +BS ,
D0 = BD0 ,
D2 = Aa2(1320)e
iφd2 +BD2 , (7)
where Aa0(980), Aa0(Y ) and Aa2(1320) are the amplitudes of the a0(980), a0(Y ) and a2(1320),
respetively; BS , BD0 and BD2 are non-resonant (alled hereafter bakground) amplitudes
for S, D0 and D2 waves; and φs0, φs1, and φd2 are the phases of resonanes relative to
bakground amplitudes. We also study the ase with no a0(Y ) and the ase with the mass
of the a0(Y ) xed to that of the a0(1450).
The bakground amplitudes are parameterized as follows.
BS = asW
′2 + bsW
′ + cs + i(a
′
sW
′2 + b′sW
′ + c′s),
BD0 = a0W
′2 + b0W
′ + c0 + i(a
′
0W
′2 + b′0W
′ + c′0),
BD2 = a2W
′2 + b2W
′ + c2 + i(a
′
2W
′2 + b′2W
′ + c′2). (8)
Here W ′ =W −Wth where Wth is the threshold energy. We assume bakground amplitudes
to be quadrati in W for the both real and imaginary parts of all waves. In this way,
symmetries among amplitudes are kept. The arbitrary phases are xed by hoosing φs0 =
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TABLE IV: Parameters of the a2(1320) [21℄.
Parameter Value Unit
Mass 1318.3 ± 0.6 MeV/c2
Γtot 107± 5 MeV
B(a2 → ρpi) 70.1 ± 2.7 %
B(a2 → ηpi) 14.5 ± 1.2 %
B(a2 → ωpipi) 10.6 ± 3.2 %
B(a2 → KK¯) 4.9± 0.8 %
B(a2 → γγ) (9.4± 0.7) × 10
−6

φd2 = 0. We onstrain all the bakground amplitudes to be zero at the threshold by setting
the c and c′ parameters to zero in aordane with the expetation that the ross setion
vanishes at the Thomson limit.
The relativisti Breit-Wigner resonane amplitude AR(W ) for a spin-J resonane R of
mass mR is given by
AJR(W ) =
√
8pi(2J + 1)mR
W
√
Γtot(W )Γγγ(W )B(ηpi0)
m2R −W 2 − imRΓtot(W )
, (9)
The energy-dependent total width Γtot(W ) is given by
Γtot(W ) =
∑
X
ΓX1X2(W ) , (10)
where Xi is pi, K, η, γ, et. For J = 2 (the a2(1320) meson), the partial width ΓX1X2(W )
is parameterized as [23℄:
ΓX1X2(W ) = ΓRB(R→ X1X2)
(
qX(W
2)
qX(m2R)
)5
D2
(
qX(W
2)rR
)
D2 (qX(m2R)rR)
, (11)
where ΓR is the total width at the resonane mass, qX(W
2) =√
(W 2 − (mX1 +mX2)2)(W 2 − (mX1 −mX2)2)/(2W ), D2(x) = 1/(9 + 3x2 + x4),
and rR is an eetive interation radius that varies from 1 GeV
−1
to 7 GeV−1 in
dierent hadroni reations [24℄. For the three-body and the other deay modes,
Γ3−body(W ) = ΓRB(R → 3 − body)W 2m2
R
is used instead of Eq. (11). All the parameters of
the a2(1320) are xed to the PDG values as listed in Table IV [21℄, exept for rR whih is
tted to be 3.09+0.53−0.55 (GeV/c)
−1
, onsistent with 3.62± 0.03 (GeV/c)−1 determined for the
f2(1270) [2℄. For the a0(980) and a0(Y ), the widths are taken to be energy independent.
For the a0(980), a simple Breit-Wigner formula is used instead of the more sophistiated
formula used in Ref. [1, 2℄ for the f0(980). This is beause the resonane shape appears
to be symmetri with no indiation of the eet of the KK¯ threshold. In fat, a t with
the formula in Ref. [1, 2℄ gives g2
KK¯
/g2ηπ = 0
+0.03
−0 , where gKK (gππ) is the oupling of the
a0(980) to KK¯ (pipi).
2. Fitted parameters
We t dierential ross setions with the parameterized amplitudes for the range
0.90 GeV ≤ W ≤ 1.46 GeV. There are 19 parameters to be tted. About one thousand
sets of randomly generated initial parameters are prepared and tted using MINUIT [25℄ to
17
TABLE V: Fitted parameters. The errors are statistial only.
Resonane Parameter Nominal M(a0(Y )) xed No a0(Y ) Unit
a0(980) Mass 982.3
+0.6
−0.7 982.3
+0.8
−0.7 982.3 ± 0.6 MeV/c
2
Γtot 75.6 ± 1.6 76.9
+1.0
−1.3 75.6
+1.4
−1.3 MeV
ΓγγB(ηpi
0) 128+3−2 558
+52
−44 642± 8 eV
a0(Y ) Mass 1316.8
+0.7
−1.0 1474.0 (xed)  MeV/c
2
Γtot 65.0
+2.1
−5.4 251
+25
−33  MeV
ΓγγB(ηpi
0) 432± 6 (11.0+4.4−3.3)× 10
3
0 (xed) eV
χ2/ndf 597.6/429=1.39 704.5/430=1.65 753.6/433=1.74
1.31 GeV1.21 GeV
1.11 GeV
1.01 GeV
0.91 GeV
1.41 GeV
FIG. 11: Dierential ross setion (dσ/d| cos θ∗| (nb)) (data points) and results of the t (solid line)
for the W bins indiated. The dotted, dashed and dot-dashed urves indiate the |S|2, 4pi|D0Y
0
2 |
2
and 4pi|D2Y
2
2 |
2
ontributions, respetively.
searh for the true minimum and to nd any multiple solutions. A unique solution is found
with χ2/ndf = 597.6/429 = 1.39 (ndf denotes the number of degrees of freedom) for the
nominal t, whih appears in more than ∼ 3% of the ases. The tted parameters are listed
in Table V. The quoted errors are MINOS statistial errors. They are alulated from the
χ2 values obtained by varying eah parameter while oating all the other parameters.
Dierential ross setions together with the tted urves are shown in Fig. 11 for seleted
W bins. The t is reasonable as an be seen from these bins and from Fig. 12, where the
quantities Sˆ2 and Dˆ22 are reprodued reasonably well.
The total ross setion (| cos θ∗| < 0.8) an be obtained by integrating Eq. (5) as:
σtot = 0.8Sˆ
2 + 0.457Dˆ20 + 0.983Dˆ
2
2 , (12)
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f
FIG. 12: Results of the parameterization and Sˆ2 (left top), Dˆ20 (left bottom), and Dˆ
2
2 (right). The
error bars shown are diagonal statistial error.
FIG. 13: Total ross setion (| cos θ∗| < 0.8) and results of the parameterization. Contributions of
|S|2, |D0|
2
and |D2|
2
(not Sˆ2, Dˆ20 and Dˆ
2
2) are also shown.
where the fators ome from the integration of spherial harmonis for | cos θ∗| ≤ 0.8. The
measured total ross setion is in good agreement with the predition obtained from the
sum of the tted amplitudes as shown in Fig. 13.
So far we have used the measured parameter values for the a2(1320). However, having
high statistis two-photon prodution data, one might question their validity, in partiular,
B(a2(1320) → γγ). Namely, the determination of this quantity may have been biased in
past experiments by the presene of non-resonant bakground, et. To study this eet, a
t is performed where the produt ΓγγB(ηpi0) of the a2(1320) is also oated. The value
Γγγ(a2(1320))B(ηpi0) obtained is (145+97−34) eV, whih orresponds to B(a2(1320) → γγ) =
(9.4+6.3−2.2) × 10−6; it agrees well with the PDG value, (9.4 ± 0.7) × 10−6 within the rather
large tting error. Thus, we onlude that the parameters obtained in past measurements
are reasonable. The large statistial error in our measurement arises beause of interferene.
The a0(Y ) mass is lose to that of the a2(1320), whih may suggest the possibility that
the a0(Y ) is just a ontribution of the a2(1320) to the D0 wave, whih is not taken into
19
aount in the above t. To test this hypothesis, a t is performed with the a0(Y ) removed
and with D0 and D2 in Eq. (7) replaed by
D0 =
√
r02
1 + r02
Aa2(1320)e
iφd0 +BD0 ,
D2 =
√
1
1 + r02
Aa2(1320)e
iφd2 +BD2 , (13)
where r02 indiates the fration of the a2(1320) in the D0 wave. We obtain r02 = 1.7
+0.5
−0.4%
with χ2/ndf = 737.7/431. The t quality is unaeptably poor. When the a0(Y ) is restored
and a t is performed with Eq. (13), we obtain r02 = 3.4
+2.3
−1.1% with χ
2/ndf = 580.6/427.
We onlude that the ontribution of the a2(1320) to the D0 wave is small.
The mass and width of the a0(Y ) are signiantly smaller than 1474 ± 19 MeV/c2 and
265 ± 13 MeV, the parameters of the a0(1450) in the PDG [21℄. Sine the t without the
a0(Y ) or one where the mass of the a0(Y ) xed to the a0(1450) mass are unaeptable
(Table V), the inlusion of the a0(Y ) is required to explain the struture in Sˆ
2
near 1.3 GeV
seen in Fig. 12. Sine, the mass and width of the a0(1450) are far from established, we may
either identify the a0(Y ) with the a0(1450) or treat it as another salar resonane.
3. Study of systemati errors
The following soures of systemati errors on the parameters are onsidered: dependene
on the tted region, normalization errors in the dierential ross setions, assumptions about
the bakground amplitudes, unertainties from the unfolding proedure, and the unertain-
ties of the a2(1320). For eah study, a t is performed allowing all the parameters to oat
and the dierenes of the tted parameters from the nominal values are quoted as system-
ati errors. A thousand sets of randomly prepared input parameters are prepared for eah
study and tted to searh for the true minimum and for possible multiple solutions. Unique
solutions are found very often.
Two tting regions are tried: higher (0.94 GeV ≤W ≤ 1.50 GeV) and lower (0.86 GeV ≤
W ≤ 1.42 GeV). Normalization error studies are divided into those from unertainties of
overall normalization and those from distortion of the spetra in either | cos θ∗| or W . For
overall normalization errors, ts are made with two sets of values of dierential ross setions
obtained by multiplying by (1 ± σǫ(W,| cos θ∗|)), where σǫ is the relative eieny error; the
results are denoted normalization errors. For distortion studies, ±4% errors are assigned
and dierential ross setions are distorted by multiplying them by (1 ± 0.1| cos θ∗| ∓ 0.04)
and (1±(W (GeV)−1.18)/7) (referred to as bias:| cos θ∗| and bias:W  errors, respetively).
For studies of bakground (BG) amplitudes, one of the waves is hanged to a rst- or a
third-order polynomial. In addition, onstant terms are xed to non-zero values. Uner-
tainties from the unfolding proedure are studied by analyzing the dierential ross setions
where a key parameter in unfolding is varied within an allowable range. Finally, the param-
eters of the a2(1320) are suessively varied by their ±1σ unertainties.
The resulting systemati errors are summarized in Table VI. The total systemati errors
are alulated by ombining the individual errors in quadrature. As an be seen in Table VI,
the values of ΓγγB(ηpi0) for the a0(980) and a0(Y ) jump to muh larger values in some of
the systemati variations. This is beause destrutive interferene is preferred in some of
the studies. A study reveals that for muh narrowerW regions, e.g. about the a0(980) peak
region, there exist two solutions orresponding to onstrutive and destrutive interferene;
the latter solution is disfavored in a wider W range in the nominal t, but favored in some
of the systemati studies. In this ase, taking the sum in quadrature of the individual errors
will be an overestimation. Thus, we hoose the maximum deviation among the dierent
systemati variations to estimate the total systemati error.
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TABLE VI: Systemati unertainties for a0(980) and a0(Y ) parameters
a0(980) a0(Y )
Soure Mass Γtot ΓγγB(ηpi
0) Mass Γtot ΓγγBηpi0
(MeV/c2) (MeV) (eV) (MeV/c2) (MeV) (eV)
W t range +0.4−1.1
+2.4
−0.0
+7.9
−0.0
+5.7
−1.2
+4.3
−2.7
+0.0
−57.0
Normalization
+0.4
−0.6
+0.2
−0.2
+17.6
−19.5
+0.9
−0.0
+0.0
−1.3
+20.2
−46.4
Bias:| cos θ| +0.0−0.1
+0.4
−0.2
+0.0
−9.3
+3.6
−0.0
+6.6
−18.1
+0.0
−179.3
Bias:W +0.0−0.1
+0.2
−0.1
+5.1
−4.6
+0.1
−0.0
+0.5
−0.5
+0.8
−1.4
BG:Re(S) param. +2.9−0.5
+0.0
−1.4
+0.0
−10.6
+0.0
−0.8
+12.2
−0.9
+150.2
−35.0
BG:Im(S) param. +0.0−1.6
+0.5
−0.6
+482.4
−6.1
+17.3
−0.0
+97.8
−6.8
+1061.1
−141.5
BG:Re(S) c 6= 0 +0.1−0.5
+0.1
−0.3
+0.0
−9.3
+0.1
−0.1
+0.0
−0.4
+0.0
−12.0
BG:Re(D0) param.
+0.0
−0.9
+0.0
−0.3
+0.0
−2.0
+6.6
−0.0
+1.9
−10.2
+18.1
−215.7
BG:Im(D0) param.
+0.0
−0.9
+0.0
−0.3
+0.0
−2.0
+6.6
−0.0
+0.0
−10.3
+0.0
−215.7
BG:Re(D0) c 6= 0
+0.3
−0.7
+0.3
−0.0
+0.0
−9.4
+6.6
−0.0
+0.3
−14.4
+0.0
−229.6
BG:Re(D2) param.
+0.0
−0.1
+0.5
−0.0
+0.0
−6.3
+5.4
−0.0
+0.0
−13.4
+0.0
−210.8
BG:Im(D2) param.
+0.0
−0.0
+0.0
−0.0
+0.2
−3.0
+0.6
−0.0
+0.0
−1.3
+0.0
−18.4
BG:Re(D2) c 6= 0
+0.5
−0.0
+0.5
−0.0
+3.9
−0.6
+0.6
−0.0
+1.2
−0.3
+11.7
−6.6
Unfolding
+0.7
−3.9
+17.2
−9.8
+501.2
−31.3
+9.7
−3.2
+0.0
−7.4
+0.0
−213.3
a2:mass
+0.0
−0.1
+0.1
−0.1
+0.7
−0.8
+0.9
−0.9
+0.0
−0.3
+0.7
−5.6
a2:width
+0.2
−0.2
+1.0
−0.8
+3.9
−4.1
+2.7
−2.8
+5.4
−4.7
+48.0
−38.9
a2 : ΓγγB(ηpi
0) +0.0−0.1
+0.1
−0.0
+0.7
−0.6
+1.1
−0.6
+0.7
−1.6
+12.2
−25.3
a2 : rR
+0.3
−0.0
+0.4
−0.0
+5.3
−0.0
+0.4
−0.3
+2.6
−1.6
+8.4
−10.9
Total
+3.1
−4.7
+17.4
−10.0
+501.6
−43.0
+24.7
−4.6
+99.1
−32.6
+1073.2
−255.5
TABLE VII: Fitted parameters of the a0(980)
Parameter This work PDG Unit
Mass 982.3 +0.6−0.7
+3.1
−4.7 984.7 ± 1.2 MeV/c
2
Γtot 75.6 ± 1.6
+17.4
−10.0 50  100 MeV
ΓγγB(ηpi
0) 128 +3−2
+502
−43 240
+80
−70 eV
4. Summary of resonane studies
To summarize the study presented in this setion, one the amplitudes are parameterized,
dierential ross setions an be tted to obtain the parameters as desribed above. Al-
though the t itself is not very good as an be seen from χ2/ndf = 1.39, it is stable despite
the fat that the approah to the minimum is slow; tens of MINUIT runs are needed to
reah the minimum. The mass, width and ΓγγB(ηpi0) values obtained for the a0(980) and
a0(Y ) are summarized and ompared to those in the PDG [21℄ in Tables VII and VIII. Note
that the value of the produt ΓγγB(ηpi0) in the PDG [21℄ is an average of Refs. [11℄ and [13℄.
In both analyses, the total ross setion or an event distribution is tted to an inoherent
sum of the a0(980) and a2(1320) resonanes (with the masses and widths xed to the earlier
PDG values [26℄) and nonresonant bakground beause of the limited statistis available. In
our t, we fully take into aount interferene among amplitudes. When we follow the same
proedure as in the previous analyses, whih ignored possible interferene, we reprodue
their values with muh better statistial errors.
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TABLE VIII: Fitted parameters of the a0(Y ) ompared to those of the a0(1450)
Parameter This work a0(1450) (PDG) Unit
Mass 1316.8 +0.7−1.0
+24.7
−4.6 1474 ± 19 MeV/c
2
Γtot 65.0
+2.1
−5.4
+99.1
−32.6 265± 13 MeV
ΓγγB(ηpi
0) 432 ± 6 +1073−256 unknown eV
V. ANALYSIS OF THE HIGHER ENERGY REGION
In this setion, we study the angular dependene of the dierential ross setions, W de-
pendene of the total ross setion, and the ratio of ross setions for ηpi0 to pi0pi0 prodution
in the high energy region, W > 2.4 GeV.
A. Angular dependene
As in the analysis of the pi0pi0 proess [9℄, we ompare the angular dependene of the
dierential ross setions with the funtion sin−4 θ∗. A t with an additional cos2 θ∗ term
does not signiantly improve the t quality. Limited statistis prevent us from quantifying
a possible deviation from the sin−4 θ∗ behavior when we study the W dependene of the
data. Here, we only show omparison with a sin−4 θ∗ parameterization in dierentW regions
in Fig. 14. In this gure, the vertial axis is the dierential ross setion divided by the total
integral over | cos θ∗| < 0.8. The urve is 0.602 sin−4 θ∗ (not a t). The numerial fator is
the dierential ross setion normalized to σ(| cos θ∗| < 0.8). The experimental result shows
that the agreement is good for W > 2.7 GeV.
B. Power-law W−n dependene
We t the W dependene of the total ross setion (| cos θ∗| < 0.8) in the energy region
3.1-4.0 GeV, where the lower boundary 3.1 GeV is the same as in the pi0pi0 analysis. The
t gives n = 10.5 ± 1.2 ± 0.5, and the orresponding ross setion is drawn in Fig. 15(a)
as well as that of the pi0pi0 proess in the same angular range. The systemati error is
obtained from the dierene of the entral values when we shift the ross setion by ±1σ
at 3.1 GeV and ∓1σ at 4.0 GeV and by fators obtained by onneting linearly for W bins
in between, where σ is an energy-dependent part of systemati error at eah W point. The
n value an be ompared with n values in other proesses that we studied earlier [3, 5, 9℄.
The results are summarized in Table IX from whih it is lear that the result for the ηpi0
nal state is onsistent with that for K0SK
0
S (where the tted W range is wider), but two
standard deviations higher than that for pi0pi0. The energy dependene of the latter seems
to be dierent from that of the two other purely neutral nal states and loser to pi+pi− and
K+K−, although no strit onlusions an be drawn at this level of statistis.
C. Cross setion ratio
A ratio of ross setions among neutral-pseudosalar-meson (pi0 or η) pair prodution in
two-photon ollisions an be predited relatively easily within a pQCD model. The pQCD
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TABLE IX: The value of n in σtot ∝W
−n
in various reations tted in the W and | cos θ∗| ranges
indiated.
Proess n W range (GeV) | cos θ∗| range Referene
ηpi0 10.5± 1.2± 0.5 3.1  4.1 < 0.8 This work
pi0pi0 8.0± 0.5± 0.4 3.1  4.1 (exlude 3.3  3.6) < 0.8 [9℄
K0SK
0
S 10.5± 0.6± 0.5 2.4  4.0 (exlude 3.3  3.6) < 0.6 [5℄
pi+pi− 7.9± 0.4± 1.5 3.0  4.1 < 0.6 [3℄
K+K− 7.3± 0.3± 1.5 3.0  4.1 < 0.6 [3℄
TABLE X: Preditions for the ross setion ratio: σ(ηpi0)/σ(pi0pi0) in two-photon ollisions.
Coherent sum (Inoherent sum) is the ratio derived from the squared oherent (inoherent)
sum of the produt of the onstituent-quark harges. Here, Rf = (fη/fpi0 )
2
, where fη (fpi) is the η
(pi0) form fator; the value may be taken to be Rf = 1. The η meson is treated as a pure SU(3)
otet state for the entries in the otet row, while VP = −18
◦
 is the most probable mixing angle
between the otet and singlet states from experiments.
η in SU(3) Coherent sum Inoherent sum
Otet 0.24Rf 0.67Rf
VP = −18
◦ 0.46Rf 1.29Rf
model in Ref. [16℄ predits the ross setion ratio σ(ηpi0)/σ(pi0pi0) as summarized in Table X.
In the table, Rf = (fη/fπ0)
2
, where fη (fπ) is the η (pi
0
) form fator; the value of Rf is
not well known and we temporarily assume it to be unity. The ratio of the ross setions
is proportional to the square of the oherent sum of the produt of the quark harges,
|Σe1e2|2, in whih e1 = −e2 in the present neutral-meson prodution ases. We show two
preditions: a pure avor SU(3) otet state and a mixture with VP = −18◦ for the η meson.
For omparison, we also show in the table the values alulated using an inoherent sum as
an example of an extreme ase. Here, we assume that the quark-quark omponent of the
neutral meson wave funtions dominates and is muh larger than the two-gluon omponent,
in obtaining the relations between the ross setions.
The W dependene of the ratio between the measured ross setion integrated over
| cos θ∗| < 0.8 of γγ → ηpi0 to γγ → pi0pi0 is plotted in Fig. 15(b). For the pi0pi0 proess,
the ontributions from harmonium prodution are subtrated using a model-dependent as-
sumption desribed in Ref. [9℄. Even though the ratio may have a slight W dependene, we
average the ratio of the ross setions over the range 3.1 GeV < W < 4.0 GeV as was done
in other proesses for the sake of omparison with QCD and obtain 0.48 ± 0.05± 0.04. In
the averaging, the ratio in the harmonium region (in pi0pi0) 3.3 - 3.6 GeV is not used. This
ratio is in agreement with the QCD predition if we take Rf = 1.
D. Comments on harmonium
It is onjetured that the known cc¯ harmonium states do not deay into the ηpi0 nal
state with any observable rate, beause the I = 1 omponent should be suppressed. In
other words, this proess ould be useful to searh for a new harmonium-like partile with
I = 1 that would be a andidate for an exoti resonane. In Fig. 16, we show the invariant
mass distribution of ηpi0 events with | cos θ∗| < 0.4, where a resonane ontribution would be
enhaned. We do not observe any signals of the known χcJ mesons. There is a hint of a peak
near 3.18 GeV, however, its statistial signiane is less than 3σ. Therefore, we assumed
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FIG. 14: The angular dependene of the dierential ross setions in dierent W regions, with the
normalization to the ross setion integrated over | cos θ∗| < 0.8. The urves are proportional to
sin−4 θ∗ and normalized similarly.
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FIG. 15: The W dependene of the ross setion (| cos θ∗| < 0.8) (a). The urve is the power-law
t. The ross setion of ηpi0 prodution is ompared to that for pi0pi0 [9℄. The W dependene of the
ross setion ratio of ηpi0 to pi0pi0 (| cos θ∗| < 0.8) (b). The line is the average in the 3.1 - 4.0 GeV
range (the harmonium region, 3.3 - 3.6 GeV, is omitted from the alulation [9℄).
in the above disussion that there are no harmonium ontributions in the measurements of
the ross setion desribed here.
VI. SUMMARY AND CONCLUSION
We have measured the proess γγ → ηpi0 using a high-statistis data sample from e+e−
ollisions orresponding to an integrated luminosity of 223 fb
−1
with the Belle detetor at the
KEKB aelerator. We obtain results for the dierential ross setions in the enter-of-mass
energy and polar angle ranges, 0.84 GeV < W < 4.0 GeV and | cos θ∗| < 0.8.
Dierential ross setions are tted in the energy region 0.90 GeV ≤ W ≤ 1.46 GeV in
a model where partial waves onsist of resonanes and smooth bakgrounds. The D0 wave
is small, the D2 wave is dominated by the a2(1320) resonane, the S-wave prefers to have
at least one additional resonane (denoted as a0(Y )) in addition to the a0(980). The mass,
width and the produt ΓγγB(ηpi0) for the a0(980) are tted to be 982.3 +0.6−0.7 +3.1−4.7 MeV/c2,
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FIG. 16: The W distribution in the harmonium region (| cos θ∗| < 0.4).
75.6 ±1.6 +17.4−10.0 MeV, 128 +3−2 +502−43 eV and those for the a0(Y ) are 1316.8 +0.7−1.0 +24.7−4.6 MeV/c2,
65.0 +2.1−5.4
+99.1
−32.6 MeV, 432 ± 6 +1073−256 eV. The large systemati errors, in partiular for two-
photon widths, originate from an additional solution that favors destrutive interferene in
some of systemati studies. The mass and width of the a0(Y ) are signiantly smaller than
those of the a0(1450). The fat that the obtained a0(Y ) mass is lose to the a2(1320) mass
may suggest that the a2(1320) ontribution in the D0 wave is important. However, a t
reveals that the fration of the a2(1320) in the D0 wave is small and it annot replae the
a0(Y ). Sine the t without it or the t where its mass is xed to the a0(1450) mass is
unaeptable, it is at least a good empirial parameterization. We may still identify the
a0(Y ) with the a0(1450), given that the latter is far from established, or as another new
salar meson. We annot draw a denite onlusion on the existene of the a2(1700).
The angular distribution of the dierential ross setions is lose to ∼ sin−4 θ∗ above
W = 3.1GeV similarly to the pi0pi0. In this energy region, the energy dependene of the ross
setion integrated over | cos θ∗| < 0.8 is well tted by W−n, n = 10.5± 1.5± 0.4, somewhat
higher (by two standard deviations) than that in the pi0pi0 hannel. Although a slight W
dependene may remain in the ratio, we average the ross setion ratio, σ(ηpi0)/σ(pi0pi0) in
the range 3.1 GeV < W < 4.0 GeV and obtain 0.48 ± 0.05± 0.04. This ratio is onsistent
with the predition from a QCD model based on qq¯ prodution and SU(3) symmetry.
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